Urbanization has caused an increase in favorable habitats for Aedes aegypti (Diptera: Culicidae), given their ability to reproduce in small and often non-degradable artificial water-containers. While much work has been done on Ae. aegypti biology and ecology in urban landscapes, the role of shading on immature stages as an independent factor from temperature, and any possible interactions between these factors, remains unexamined. We assessed how temperature and shading affected egg hatch-rate, larval/pupal mortality, and larval development to adult stage under different factorial temperature (28; 31; 34; 37; 40° C) and shade (0%, 3,100 lux; 40%, 1,860 lux; 75%, 775 lux; 100%, 0 lux) regimes. Hatch-rate was significantly lower at 37° C (57 %), and no eggs hatched at 40° C. There was no significant effect caused by shading on hatchability. Larval and pupal mortality at 37° C was significantly higher (35%) compared to lower temperature groups, while the effects of shading were emergent at low temperatures. Developmental times from hatching to adult emergence were significantly reduced with increasing temperatures and with greater light exposures. The eco-physiological response of Ae. aegypti larvae to temperature and light regimes suggest a photosensitivity previously unstudied in this species. Journal of Vector Ecology 44 (2): 264-270. 2019.
INTRODUCTION
Mosquitoes are medically important, given their role as vectors for many pathogens that cause life-threatening and economically-significant diseases. Certain urban mosquito species are particularly problematic across the tropics, being responsible for many diseases and thus contributing to healthcare burdens. Dengue, for example, is largely driven by urban mosquitoes, with the global cost of the disease amounting to approximately US$8.9 billion in 2013 (Shepard et al. 2016) . Aedes aegypti is a prevalent tropical mosquito vector of dengue, chikungunya, and Zika viruses (Benelli and Mehlhorn 2016 ). Much of the success of Ae. aegypti in urban areas is attributed to their ability to reproduce rapidly in very small and often ephemeral water containers. Aedes aegypti are considered container-breeders and require only small volumes of water in natural or artificial containers for effective reproduction (Chou et al. 2015) . Since urbanized areas tend to produce more non-degradable wastes that can house water, breeding sites for Ae. aegypti are often not limiting in these environments (Honório et al. 2003) . These environments also facilitate increased available blood meals for females (Vanwambeke et al. 2007 ).
Urbanization associated with human development is an important contributor to the spread of disease vectors by influencing available Ae. aegypti oviposition sites, habitats, and feeding behavior, as well as directly mediating changes to insolation regimes (Vanwambeke et al. 2007 , Yee et al. 2019 . Aedes aegypti is widespread throughout the tropics, as is human overpopulation and urbanization (Ocampo and Wesson 2004) . Understanding the ecology of such vector species is crucial for their effective management with adult, larval, and pupal life-history stage dynamics being central. In an urban landscape, light exposure and shade dynamics are of potential importance, and unlike many natural environments, are often more independent of nutrient dynamics from associated leaf-litter and algal or bacterial growth. Indeed, light cycles, independent of temperature changes, have also been shown to significantly impact timings of adult emergence of urban strains of Culex pipiens (L.) and Aedes communis (Karpova 2009 ). Similarly, both shading and light have been shown to have implications for larval mosquito population dynamics (Leisnham et al. 2004 , Vezzani and Albicocco 2009 , Bartlett-Healy et al. 2012 . Few studies have, however, looked at the emergent effects of shading and temperature, and the interaction of these two factors, on larval mosquito development and mortality. This could be particularly relevant for urban mosquitoes, given the homogeneity of micro-habitats in relation to temperature and light exposure and the prevalence of both artificial light and structures providing shading.
Mosquitoes tend to select favorable oviposition sites using both chemical and physical cues. Previous studies have shown that containers kept in partially shaded or fully shaded conditions were correlated with a higher incidence of larvae and pupae of several species, including Ae. aegypti (Becnel et al. 1996 , Bartlett-Healy et al. 2012 , Vezzani and Albicocco 2009 . This was attributed to a richer bacterial food source from falling leaves and debris, as well as lower evaporation rates and cooler temperatures (Delatte et al. 2008 , Bartlett-Healy et al. 2012 , Vezzani and Albicocco 2009 . Studies on the effect of shading on aquatic stage mosquito population dynamics are, however, inconsistent. Artificial and natural shading was found to have increased larval abundance and higher rates of pupation of Culex sp. and Aedes sp. found in artificial containers in New Zealand (Leisnham et al. 2004) . In contrast, another study in New Zealand found that increased insolation, i.e., a combination of solar radiation and heat, increased development rates of mosquito immatures, with both studies being conducted in the summer (Leisnham et al. 2005) . Other studies note that shade is not an important predictor of the presence of container-breeding mosquito larvae (Leisnham et al. 2005 , Trewin et al. 2013 , Unlu et al. 2013 .
While shading can be strongly correlated to the temperature of the larval mosquito habitat (Bartlett-Healy et al. 2012) , most studies assessing shading or light intensity effects on mosquito dynamics have focused on temperature rather than shading as an independent variable. Many studies have shown that temperature influences the hatchrate, mortality, and developmental time of mosquitoes. In particular, it has been shown that increasing temperatures can greatly decrease developmental times of Ae. aegypti. In their laboratory study, Tun-Lin et al. (2000) showed that the duration from egg hatching to emergence at 15° C was 39 days, while at 35° C it was reduced to seven days. Another study, however, showed that an increase in temperature drastically decreased hatch success rates of Ae. aegypti from 98% at 24-25° C to 2% at 34-35° C (Mohammed and Chadee 2011) . Increasing temperatures can thus negatively impact hatch-rates and survivorship of Ae. aegypti immatures as higher temperatures cause mortality (Rueda et al. 1990 ).
The present study focused wholly on Ae. aegypti mosquitoes and aimed to identify the effect of shading (and thus light intensity) and temperature on larval dynamics. The effects of temperature and shading on Ae. aegypti were examined under controlled laboratory conditions. It was hypothesized that: (1) Ae. aegypti hatch-rate would have a negative correlation to increasing temperature and light intensity; (2) Ae. aegypti survivorship would have a negative correlation with temperature and light intensity; and (3) Ae. aegypti developmental times into adults would be shorter in containers exposed to higher temperature and light intensity.
MATERIALS AND METHODS

Experimental procedures
To investigate the role of environmental conditions on Aedes aegypti survivability and development, we assessed the combined effects of shading and temperature on early lifehistory growth rates under controlled laboratory conditions. Dried Ae. aegypti eggs (Bora strain, 147 th generation), attached to a filter paper, were purchased from the Department of Parasitology, Universiti Malaya. The eggs were then hatched and larvae were reared under different environmental conditions during the experiment.
A full factorial design was employed, whereby five temperatures were crossed with four shading regimes, each replicated five times. Selected temperatures were 28, 31, 34, 37, and 40° C, while shading levels of 0, ~40, ~75, and ~100% were simulated, representing 3,100, 1,860, 775, and 0 lux, respectively. These temperatures were selected to represent the range of temperatures in the tropics, which these mosquitoes proliferate in, as well as predicted temperature ranges that are caused by climate change as reported by IPCC in 2014 (IPCC 2014). Temperature and light:dark regime-controlled plant growth chambers were utilized for this study, with temperature treatments randomly assigned to each chamber. For all treatments, a light:dark regime of 12:12 was employed with the light period active from 06:00 to 18:00 under six 32watt cool white light bulbs (Philips, MA, U.S.A.). All shading treatments within each temperature were simultaneously run per temperature trial. The containers were then placed in the growth chamber (see details below) and shading was achieved through covering with polyester muslin cloth. The 0% shade treatments were left uncovered except for the mosquito netting covering the top of each replicate. The 40% shading treatment was covered with a single layer of polyester muslin cloth. The 75% shading treatment was covered by three layers of the polyester muslin cloth, while the 100% shading treatment was covered with thicker polyester muslin cloth. To determine the levels of light exclusion by the shading treatments, light lux measurements from within each light treatment were recorded using a lux meter (LX-107, Lutron, PA, U.S.A.). All containers in the same temperature treatment were measured daily using a red-spirit thermometer to check for temperature homogeneity across shading treatments.
For each trial, identical 9 cm high and 9 cm diameter cylindrical polyethylene containers were used. Each container was filled to a height of 5 cm with tap water (approximately 300 ml) and left in a plant growth chamber for 24 h to dechlorinate. Thirty Ae. aegypti eggs were then placed in each of the containers in which the observed density was low compared to the density of immatures in containers found in field studies (Harrington et al. 2008, Vezzani and Albicocco 2009) . This helped to eliminate the influence of intraspecific resource competition. Eggs were transferred from the filter paper on which they were supplied onto 5.5 cm diameter petri dishes using the blunt end of a laboratory spatula. On the day of the start of the experiment (Day 1), the petri dishes holding the eggs were submerged in the container, along with 0.05 g of powdered fish food (Tetra Bits Complete, Tetra Werke Company, Melle, Germany). All containers were then covered with a mosquito net using a rubber band and labelled with the treatment and replicate number.
The number of mosquitoes per life-history stage (larvae, pupae, adult) was enumerated daily in each treatment (Day 4 -end). Prior to Day 4, all larvae were too small to see with the naked eye, thus processing and enumeration only commenced from Day 4 onward. The petri dishes previously containing the eggs were also removed on Day 4. For enumeration, all larvae/pupae were pipetted out onto a clean petri dish containing matured tap water. Before being placed back into the container, containers were rinsed and water exchanged with dechlorinated tap water to avoid algal growth, then supplemented with 0.05 g of food (see above). The number of dead pupae and larvae were also counted but were not returned to the containers. All mosquitoes were removed from the containers once they reached the adult stage and euthanized. Each trial was run until all living mosquitoes had emerged as adults.
Data analyses
All statistical analyses were undertaken in R v3.4.2 (R Core Development Team 2017). Ae. aegypti hatchability and total mortality rates of larvae and pupae were analyzed using separate generalized linear models (GLMs) assuming quasi-binomial error distributions to account for residual overdispersion. As no eggs hatched at 40° C, this temperature level was removed from analyses. Then, mean time to adult emergence was analyzed using GLMs assuming a Gamma distribution of error and log link as residuals deviated from normality and constant variance assumptions. In all models, 'temperature' (four levels) and 'shading' (four levels) were initially included factorially as explanatory variables. We performed stepwise model reductions to ascertain the most parsimonious model fits through removal of terms and interactions that were not significant by analysis of deviance. Then, where a factor yielded significance at the 95% confidence level, post hoc pairwise tests were performed using Tukey's comparisons.
RESULTS
No Ae. aegypti eggs were found to hatch at 40° C and were thus deemed unviable at this temperature. Hatching rates were significantly affected by temperature regime overall (F 3, 76 = 34.45, p < 0.001). Hatching rates at 37° C were significantly lower than 28, 31, or 34° C (all p < 0.001; Figure  1 ). On the other hand, there were no significant differences between hatching rates at 28, 31, or 34° C (all p > 0.05). Shade treatment had a strong, borderline significant influence on Ae. aegypti hatching rates overall (F 3, 73 = 2.72, p = 0.05), with hatch rates at 40% shading significantly greater than at 75% overall (p = 0.03). There was no statistically clear 'temperature × shading' interaction effect (F 9, 64 = 1.33, p = 0.24), indicating that temperature effects were consistent across shade levels.
Larval and pupal mortality rates were significantly affected by temperature overall (F 3, 76 = 49.13, p < 0.001). Mortality rates at 37° C were significantly higher than 28, 31, and 34° C (all p < 0.001; Figure 2 ). The effects of shade alone were not statistically clear (F 3, 73 = 0.61, p = 0.61). However, there was a significant 'temperature × shade' interaction effect on mortality rates (F 9, 64 = 2.92, p = 0.01), reflecting emergent effects between the treatments. Specifically, at 28° C, larval and pupal mortality was significantly greater under 40% shading than 75% shading (p = 0.03). There were no other pairwise effects of shading with each temperature treatment (all p > 0.05). Aedes aegypti development times were significantly influenced by temperature (F 3, 76 = 27.25, p < 0.001). At 28° C, development time to the adult stage was significantly longer than all higher temperature levels (all p < 0.001; Figure 3) . Similarly, development times of Ae. aegypti at 31° C were significantly longer than either 34° C or 37° C (both p ≤ 0.003). However, there were no significant differences between 34° C and 37° C in development times to the adult mosquito stage (p = 0.99). Shading exerted a significant effect on Ae. aegypti larval development times (F 3, 73 = 4.48, p = 0.01). Here, development times to the adult stage under 100% shading were significantly longer than under 0% (p = 0.01) and 40% (p = 0.02) shade treatments, while there were no pairwise significant differences between any other shade levels (all p > 0.05). Furthermore, the effect of temperature on development times to the adult stage in Ae. aegypti was not significantly affected by variations in shade, as the 'temperature × shade' interaction effect was not clear statistically (F 9, 64 = 1.65, p = 0.12).
DISCUSSION
We have shown that increasing temperature drives significantly reduced hatchability, increased larval/pupal mortality, and shortened development times of Ae. aegypti. The effects of shading were, however, less pronounced on hatchability, while effects of shading on larval/pupal mortality were emergent at lower temperatures. Increased shading alone significantly lengthened development times. The results of the present study thus demonstrate that earlystage Ae. aegypti are more sensitive to temperature than to light intensity overall.
For hatchability, 37° C was a threshold temperature that caused a significantly reduced hatch rate of Ae. aegypti, while 40° C totally impeded hatching. Compared to larval mortality and development rates, there has been a lack of research into impacts of environmental factors on egg hatchability. The effects of temperature may be explained through physiological stress experienced by eggs, thus interrupting embryogenesis. Previous studies have found different optimal hatch success rates under various temperatures. Farnesi et al. (2009) found peak Ae. aegypti (Rockefeller strain) hatch rates at 22-28° C, with over 90% of eggs hatching, but Delatte et al. (2009) found the optimal temperature for Ae. aegypti (field collected from La Reunion Islands, France) eggs to be 20° C, with only 67% of the eggs hatching. Mohammed and Chadee (2011) that 98% of Ae. aegypti (field collected from Trinidad) eggs hatched in 24-25° C. However, Delatte et al. (2009) also found that no eggs hatched at 40° C aligned with our study. While the experimental protocols and temperature ranges were not synonymous with ours, results from the above-mentioned investigations differ considerably from what was found here. In our study, for example, over 90% of eggs hatched at 31° C. Such differences may be explained by differential responses to temperature among strains from different regions due to adaptations to their native environment. Nonetheless, our results suggest that above critical temperature thresholds, Ae. aegypti hatch rates in container-style environments are significantly reduced. Compared to temperature, the effect of light exposure as an independent variable on the hatch rates of mosquito eggs has not been thoroughly investigated, despite diapause being a general subject of interest for many congeneric mosquito species (Denlinger and Armbruster 2014) . A study on dormant egg hatch rate of Aedes hexodontus (D.) suggested an equivocal relationship with light intensity (Beckel 1958) . The effect of shade on Ae. aegypti hatchability was borderline significant in our study, with hatch rates tending to be greatest at 40 % shading (1860 lux). The eggs of other invertebrates have been reported to use light as a cue for hatching. For example, Daphnia pulex (Pancella and Stross 1963) , Acartia tonsa (Peck et al. 2008) , and Triops granarius (Kashiyama et al. 2010) , all of which experience diapause (Castro-Longoria 2001 , Scott and Grigarick 1979 , Stross and Hill 1965 ), exhibit increased hatch success with brighter light intensity. In mosquito species capable of diapause, such as Ae. albopictus, light intensity may cause an effect on hatch rate across seasons. Indeed, increasing day length has been shown to positively influence hatchability of diapausing mosquitoes (Jordan 1980, Jordan and Bradshaw 1978) . However, Ae. aegypti is incapable of diapause (Denlinger and Armbruster 2014) , and as such the unclear effect of shading relative to temperature is unsurprising.
Extremes in temperature cause mortality in larval mosquito stages, particularly where they are incapable of diapause (Yang et al. 2009, Denlinger and Armbruster 2014) . Here, there was significantly higher mortality of Ae. aegypti immatures at 37° C compared to the other temperatures. At 37° C, 35% of successful hatchings were able to develop to adults. Contrastingly, Rueda et al. (1990) reported that at 34° C, only 59% of Ae. aegypti larvae survived to adulthood and Farjana et al. (2012) found only 18% of Ae. aegypti survived to adulthood at 35° C. The Ae. aegypti strains used for this study appear to be more resistant, and intraspecific variability between strains suggests the possibility of further resistance adaptations to higher temperatures, which the model studied by Chevin et al. (2010) would suggest. However, caution needs to be exercised in such direct inter-study comparisons as differences in study designs could contribute to observed comparative differences. The effects of shading on larval and pupal mortality were less pronounced relative to temperature. Significant differences on mortality were mediated by shading at the lowest temperature, where increased shading significantly reduced mortality compared to low-intermediate levels. Yet, differences were not statistically clear at higher temperatures. Shading has been shown to be an attractant for adults of all life stages ). For example, adult Ae. aegypti were found to preferentially oviposit in shaded as compared to unshaded containers in Trinidad, with the latter associated with lethal effects at high temperatures (Chadee and Martinez 2016) . However, such studies fail to isolate the effects of shading from temperature, thus limiting interpretation.
Both shading and temperature had a significant effect on the time required by Ae. aegypti to develop to the adult stage. The effect of temperature on the development rate of mosquitoes has been studied in many different species and is often examined in conjunction with other effects, such as resource availability (Farjana et al. 2012 ) and competition (Lyimo et al. 1992 ). However, temperature has been found to be the most important factor in mediating development rates (Couret and Benedict 2014) . This study found that 34° C and 37° C caused the shortest development times. The shortest mean duration from hatching to emergence took place in 7.1 days at 37° C and 0% shading, which is faster than other studies that report on development rates in Ae. aegypti. Delatte et al. (2009) reported the shortest time being 8.8 days at 30° C. Farjana et al. (2012) similarly found that 30° C caused emergence from hatching in about eight days but was not significantly higher at 35° C. As previously stated, this may be due to a variance between strains or differences in the design of the study. The developmental rate observed in this experiment is, however, a cause of concern, as it suggests a very quick recruitment process of the vector mosquito population.
The effects of shading in isolation from temperature on development rates had remained unexamined prior to this study. In urban landscapes, particularly those characterized by high-rise buildings, shading effects can be significant and contribute to significant habitat heterogeneity. This experiment found that both shading and temperature each had their own effect on developmental rates. We found 0% and 40% shading to drive the highest rates of development. Considering the effect of both high temperatures and light intensities on immature development, these results support the insolation hypothesis, particularly as we removed the confounding factor of growth of additional food sources. Future studies should also investigate the effects of UV radiation levels on larval mosquito development, as this has been identified as an important consideration at the individual and population levels in other invertebrates. As such, more research is required into the immature mosquito response to light, as its effect on developmental rates suggests a photosensitivity previously unstudied. As this study focuses only on Ae. aegypti, the results cannot be broadly generalized onto other species. In addition to assessments of other species, future research should integrate other context-dependencies such as humidity and larval density in examinations of survival and development of immature mosquito stages. Nevertheless, our results suggest that in urban areas where there is a high availability of breeding sites and human hosts, generation of new adult mosquitoes may be particularly rapid in unshaded, high-temperature habitats below critical upper thresholds.
